synaptic structural changes contribute functionally to long-term plasticity, we have focused on the glutamatergic synapses between the sensory and motor neurons of the gill-withdrawal reflex in Aplysia. In the intact animal, five sensitizing stimuli to the tail lead to long- 1989). However, all of these studies were done on popuRepeated pulses of serotonin induce two temporally, lations of sensory neuron varicosities and therefore did morphologically, and molecularly distinct presynaptic not allow one to follow continuously over time the strucchanges: (1) a rapid activation of silent presynaptic tural changes that occur at the same specific synaptic terminals by filling of preexisting empty varicosities varicosity. These earlier studies also did not examine with synaptic vesicles, which parallels intermediatethe functional contribution of presynaptic structural term facilitation, is completed within 3-6 hr and rechanges to the different time-dependent phases of longquires translation but not transcription and (2) a slower term facilitation. As a result, the earlier studies could generation of new functional varicosities which occurs not determine whether the increase in synaptic strength between 12-18 hr and requires transcription and transresulted from the conversion of preexisting but nonfunclation. Enrichment of empty varicosities with synaptotional (silent) synapses or from the addition of newly physin accounts for 32% of the newly activated synformed synapses or both. apses at 24 hr, whereas newly formed varicosities To examine these alternative possibilities, we have account for 68%. monitored presynaptic functional and structural changes continuously during long-term facilitation using timeIntroduction lapse confocal imaging of sensory neurons labeled with the red fluorescent dye Alexa Fluor-594 hydrazide Activity-dependent modulation of synaptic function and (Alexa-594). This dye allows the visualization, in real structure is emerging as one of the key mechanisms by time, of dynamic changes in the structure of the entire which information for long-term memory is processed axonal arbor of the sensory neuron, including the total and stored within the brain (Kandel, 2001) . Studies of population of synaptic varicosities and, therefore, allows memory storage in both higher invertebrates and mamone to follow the structural changes in any given varicosmals suggest that the stabilization of long-term memory ity over a 24 hr time period, the period during which longrequires de novo protein synthesis and is accompanied term facilitation develops. To determine the functional by the growth of new synaptic connections (Bailey and contribution of the structural changes in any given variKandel, 1993; Martin et al., 2000). Despite the associacosity delineated in Alexa-594-labeled sensory neurons, tion of structural changes with long-term memory, little we used, in addition to Alexa-594, one of two other is known about the molecular mechanisms that convert fluorescent protein markers specific to different presynneuronal activity into new synaptic connections, nor do aptic functions. To monitor changes in the distribution of we know whether these structural changes are functionsynaptic vesicles within each sensory neuron varicosity, ally effective and capable of contributing to memory we used synaptophysin tagged with the enhanced green storage. fluorescent protein (synaptophysin-eGFP) (Antonova et To address these issues and to determine which preal., 2001). To monitor active transmitter release sites, we used an activity-sensitive fluorescent protein, ecliptic synapto-PHluorin (synPH) (Miesenbock et al., 1998).
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We find that in a typical sensory neuron cocultured with the postsynaptic motor neuron L7, approximately sensory neurons displayed a 43.0% Ϯ 12.5% increase (25.4 Ϯ 4.3 versus 34.2 Ϯ 4.5 varicosities, n ϭ 6) in the 12% of the total presynaptic varicosities labeled with a cell-wide fluorescent dye lack markers for synaptic total number of varicosities evident 24 hr after 5-HT treatment compared to a 45.9% Ϯ 9.2% increase (22.3 Ϯ vesicles (synaptophysin-eGFP). They also lack markers for transmitter release (synPH) and therefore are not 2.9 versus 31.5 Ϯ 4.1 varicosities, n ϭ 6) in the number of the sensory neuron varicosities stained with synaptocompetent to release transmitter. Within 3-6 hr following five pulses of 5-HT, synaptic vesicle proteins accumuphysin-eGFP ( Figure 1C and Table 1 part A). These results are quantitatively similar to those described in earlate in approximately 60% of these preexisting "empty" varicosities. These varicosities now contain functional lier studies of Aplysia culture (Glanzman et al., 1990; Bailey et al., 1992a) and suggest that the overexpression release sites, suggesting that the clustering of synaptic vesicle proteins may represent a critical step leading to of synaptophysin-eGFP is a reliable synaptic marker for studying the presynaptic structural changes associated the activation of presynaptic silent synapses. The newly filled varicosities persist and account for 32% of the with long-term plasticity (see also Antonova et al., 2001 ). In addition to the growth of new sensory neuron vari-5HT-induced newly activated synapses (capable of evoked transmitter release) at 24 hr. In addition, 12-18 cosities (Figure 2A ), labeling with synaptophysin-eGFP revealed that repeated applications of 5-HT also induced hr after five pulses of 5-HT, completely new sensory neuron synapses form. These account for 68% of the presynaptic modification in preexisting synapses. There was an enrichment of synaptophysin-eGFP in varicosinewly activated synapses at 24 hr. Thus, 5-HT induces two temporally and morphologically distinct presynaptic ties that had contained little or no synaptophysin-eGFP prior to 5-HT ( Figure 2B ), whereas without 5-HT treatstructural changes: (1) a rapid activation of preexisting silent synapses and (2) a slower growth of new functional ment, those varicosities did not display significant enrichment in synaptophysin-eGFP ( Figure 2C ). Thus, the synapses. The rapid activation of silent presynaptic terminals suggests that, in addition to its role in the longincrease in the number of synaptophysin-eGFP-positive varicosities following five pulses of 5-HT results from term facilitation, this modification of preexisting synapses may also contribute to the intermediate phase of two distinct classes of structural changes: (1) the clustering of synaptophysin-eGFP leading to the filling of synaptic plasticity.
preexisting but "empty varicosities" that initially contained little or no synaptophysin-eGFP and (2) the formaResults tion of new varicosities, virtually all of which displayed some synaptophysin expression.
Two Distinct Classes of Presynaptic Structural
We have defined a synaptophysin-empty varicosity Changes Are Associated with Long-Term Facilitation as any varicosity that was labeled by Alexa-594 but that As a first step in exploring the time course and functional was not stained by synaptophysin-eGFP (see Experisignificance of the structural changes associated with mental Procedures). Such empty varicosities reprelong-term facilitation, we delineated specific presynapsented 12.0% Ϯ 4.6% (3.1/25.4, n ϭ 6) of the total poputic markers to label the three aspects of synaptic plasticlation of presynaptic sensory neuron varicosities in ity that we needed to examine in this study: (1) a marker contact with the initial segment and major processes of for online, real-time monitoring of the entire population the postsynaptic motor neuron and largely accounted of varicosities and axonal processes of the cultured for the difference in the number of the varicosities lasensory neuron, (2) a marker for changes in the distribubeled by Alexa-594 when compared to those stained tion of synaptic vesicles within individual synaptic variwith synaptophysin-eGFP. Varicosities lacking synaptocosities, and (3) a marker for active synaptic varicosities, physin-eGFP could also be seen in control cultures that i.e., for varicosities from which transmitter release can received no 5-HT, but these showed little change in the be evoked. distribution of synaptophysin-eGFP over a period of 24 When sensory neurons were injected with the wholehr ( Figures 2C and 2D ). cell dye Alexa-594, the complete axonal arbor and total population of presynaptic varicosities were labeled (Figure 1A) . We examined the distribution of expressed Long-Term Facilitation Leads to the Activation of Silent Presynaptic Sensory Neuron Varicosities: eGFP and synaptophysin-eGFP and found that the eGFP alone, like Alexa-594, displayed a cell-wide staining patAn Enrichment of Synaptophysin-eGFP in Preexisting Empty Varicosities tern, whereas synaptophysin-eGFP was localized primarily to synaptic varicosities ( Figures 1A and 1B) . ExTo characterize more fully the extent of the 5-HT-induced clustering of synaptophysin-eGFP, we analyzed quantipression of synaptophysin-eGFP did not appear to alter the normal cellular properties of the sensory neurons tatively the distribution of synaptophysin-eGFP enrichment in the total population of sensory neuron varico-(viability, morphological or electrophysiological characteristics) when compared with cells that did not express sities. We found that 5-HT resulted in a net increase in the number of varicosities highly enriched in synaptosynaptophysin-eGFP (EPSP amplitude: 13.29 Ϯ 4.47 mV for synaptophysin-eGFP-positive cultures, n ϭ 11 verphysin-eGFP (70%-100% enrichment group) (32.6% Ϯ 1.9% versus 45.6% Ϯ 3.2%, before and after 5-HT treatsus 15.35 Ϯ 3.31 mV for synaptophysin-eGFP-negative cultures, n ϭ 10, p Ͼ 0.2, data not shown for viability ment, respectively, n ϭ 6, p Ͻ 0.05, Figure 2D ). By contrast, we observed no significant changes in control and morphology).
Following the induction of long-term facilitation with groups that were not treated with 5-HT (n ϭ 4, p Ͼ 0.2, Figure 2D ). This suggests that the 5-HT-induced five pulses of 10 M 5-HT (92.8% Ϯ 23.9% increase in EPSP amplitude, n ϭ 11, p Ͻ 0.05), Alexa-594-labeled presynaptic redistribution of synaptic vesicles marked by synaptophysin-eGFP (and/or the targeting of newly tact with postsynaptic motor neuron processes. This study revealed that sensory neuron varicosities that synthesized synaptic vesicles) may be correlated with the functional alterations associated with long-term fawere labeled with Alexa-594 and displayed high levels of synaptophysin-eGFP expression were also filled with cilitation.
To explore this idea further, we carried out an ultrasynaptic vesicles ( Figure 3A) . By contrast, empty varicosities, i.e., those identified with Alexa-594 but constructural analysis of sensory neuron varicosities in con- diate-term facilitation, this structural change should also 5 ϫ 10 M 5-HT treatment, the time point at which synaptophysin enrichment was at or near its maximum be blocked when protein synthesis is inhibited. Consistent with this idea, we find that the protein synthesis level. In the presence of 20 M anisomycin, only 3.6% Ϯ 2.3% (n ϭ 5) of the empty varicosities become filled inhibitor anisomycin blocks the filling of empty varicosities with synaptophysin-eGFP when examined 3 hr after with synaptophysin-eGFP (0.3 Ϯ 0.2 of 5.4 Ϯ 1.7), com- ., 1995) . Similarly, we find that inhibitors of either translation or transcription have no effect on 5-HT (Ϫ4.7% Ϯ 9.0%, n ϭ 12, Figure 5A ). Some residual facilitation was also present at 3 hr, although it was intermediate-term facilitation measured 30 min after four pulses of 10 nM 5-HT (59.4% Ϯ 18.0%, with anisomycin, not statistically significant compared with EPSPs before 5-HT treatment (41.9% Ϯ 18.3%, n ϭ 7, p Ͼ 0.05, 3 hr n ϭ 8 versus 71.0% Ϯ 27.5% with actinomycin-D, n ϭ 6). Moreover, the recruitment of synaptophysin-eGFP into empty varicosities that occurs at 0.5 and 3 hr after four pulses 10 nM 5-HT treatment is also unaffected by actinomycin-D or anisomycin (percent of empty varicosities that are subsequently filled: 48.1% Ϯ 4.2%, n ϭ 5 and 52.7% Ϯ 7.1%, n ϭ 6 with actinomycin-D versus 30.4% Ϯ 6.7%, n ϭ 5 and 35.7% Ϯ 4.9%, n ϭ 4 with anisomycin versus 45.2% Ϯ 3.3%, n ϭ 7 and 42.7% Ϯ 4.1%, n ϭ 5 without any inhibitor at 0.5 and 3 hr, respectively; p Ͼ 0.05, Figure 5B ). Thus, facilitation in the intermediate-term domain is also characterized by the redistribution and clustering of synaptophysin-eGFP into empty sensory neuron varicosities when it is selectively induced and isolated from long-term facilitation. These results suggest that the enrichment of synaptophysin (i.e., the clustering of synaptic vesicles) into preexisting empty sensory neuron varicosities may be a distinct structural and possibly functional signature of intermediate-term facilitation. Interestingly, the filling of empty varicosities with synaptophysin induced by the reduced 5-HT protocol does not persist for 24 hr after 5-HT treatment ( Figure 5A ). This is in contrast to the filling of empty varicosities that is induced by the long-term protocol (5 ϫ 10 M 5-HT) where approximately 82% (9/11) of the newly filled varicosities at 3 hr were also present at 24 hr. This may reflect a difference in mechanisms recruited by the two 5-HT protocols. Although both protocols induce intermediate-term facilitation, the 5 ϫ 10 M 5-HT protocol may activate additional molecular events (including the machinery for translational processing) required to set up the long-term phase, perhaps by stabilizing the intermediate phase. of the two synaptic vesicle proteins, which exhibited almost identical staining patterns, especially with respect to presynaptic varicosities ( Figure 6C ). This is con-synPH-active varicosities before and after repeated 5-HT treatment and found that 24 hr after 5-HT treatment there was a 59.3% Ϯ 5.1% increase in the number of active varicosities (7.7 Ϯ 1.2 before versus 12.3 Ϯ 2.7 after 5-HT treatment, n ϭ 6, p Ͻ 0.005, Table 1 Interestingly, the expression of synPH in sensory neurons also revealed "synPH-empty" varicosities, i.e., varicosities that were labeled with Alexa-594 but that were not enriched in synPH. These empty varicosities showed no increase in synPH fluorescence upon stimulation of the sensory neuron, even when the laser intensity was maximized to amplify any weak signal ( Figure 7A ). Consistent with our synaptophysin results, the failure to find an increase in synPH fluorescence suggests sensory neuron varicosities that do not contain detectable amounts of these synaptic proteins do not appear to be capable of evoked synaptic vesicle release and recycling and therefore should represent nonfunctional synaptic contacts. Similar to our studies with synaptophy- ment of preexisting but empty varicosities accounts for approximately 32% (1.7/5.2) of these newly activated sistent with a previous study indicating that synaptosynapses at 24 hr, whereas newly formed varicosities brevin can bind to synaptophysin and regulate synaptic account for approximately 68% (3.7/5.2). Since synaptovesicle maturation (Becher et al., 1999) . Indeed, the colophysin-eGFP enrichment emerges within 3-6 hr after calization of synaptophysin-RFP and synPH has sugfive pulses of 10 M 5-HT, we also examined the funcgested that the two markers may reside in the same tional state of the newly synPH-filled varicosities 3 hr population of synaptic vesicles. Thus, it appears that in after 5-HT treatment and found that 55% (2.1/3.8) conAplysia synPH can be used as a functional probe for the tained competent transmitter release sites (55.3% Ϯ presynaptic structural changes that accompany long-3.1%, n ϭ 5). This activation of newly filled varicosities term facilitation.
Functional Significance of Two Distinct
represents approximately 25.5% Ϯ 6.6% of the total number of synPH-active varicosities present 3 hr after We therefore analyzed quantitatively the number of 
Functional Synaptic Varicosities
The functional significance of the structural changes Of the two classes of presynaptic structural plasticity observed in the present study, synaptic growth appears that accompany long-term memory remains largely unknown. In particular, one would like to know if changes to contribute more to the synaptic enhancement present at 24 hr than does the activation of preexisting silent in the number or structure of synaptic connections induced by learning are functionally effective and capable synapses. It will be of interest to see if the functional contribution by newly formed varicosities increases with of contributing to memory storage. We believe that the synPH data in the present study represents an important time when the growth process is more fully elaborated and memory storage is likely to be more stable. This step in addressing these issues. This, in turn, has allowed us to monitor continuously over time individual would be consistent with earlier studies in the intact animal which have shown that only the increases in the 5-HT-induced structural changes at the same sensory neuron varicosities and to examine directly the funcnumber of sensory neuron varicosities and active zones persist for several weeks in parallel with the behavioral tional contribution of two distinct classes of presynaptic structural changes to the different temporal phases of duration of the memory for long-term sensitization (Bailey 
